Three S-allele-associated proteins (S-proteins) of Petunia inflata, a species with gametophytic self-incompatibility, were previously found to share sequence similarity with two fungal ribonucleases, RNase T2 and RNase Rh. In this study, the S-proteins from P. inflata plants of SS2 and S2S3 genotypes were purified to homogeneity by gel filtration and cation-exchange chromatography, and their enzymatic properties were characterized. The three S-proteins (Si, S2, and S3), with pairwise sequence identity ranging from 73.1 to 80.5%, were similar in most of the enzymatic properties characterized. The ribonuclease activity had a pH optimum of 7.0 and a temperature optimum of 500C. Diethylpyrocarbonate at 1 millimolar almost completely abolished the ribonuclease activity; cupric sulfate and zinc sulfate at 1 millimolar reduced the ribonuclease activity of the three S-proteins by 50 to 75%. EDTA and RNasin had no inhibitory effect. All three Sproteins hydrolyzed polycytidylic acid preferentially, but varied in their nucleolytic activity toward polyadenylic acid and polyuridylic acid.
Gametophytic self-incompatibility acts to prevent self-fertilization and consequent inbreeding in many species of the Solanaceae, including Petunia inflata. In Petunia, self-incompatibility is controlled by a single polymorphic locus, the Slocus. The S-allele products of pollen and pistil are presumed to interact in a manner that allows pistils to discriminate between self-and cross-pollen. The result of this specific selfrecognition event is that pollen bearing an S-allele identical to either one of the two alleles carried by the pistil suffers growth arrest, while pollen bearing an allele different from both alleles carried by the pistil is able to grow down the pistil to effect fertilization.
S-allele-associated pistil proteins (S-proteins) have been identified in many species with gametophytic self-incompatibility (1, 7, 8, 17, 19-21, 23, 24, 29) . The sequences of a number of solanaceous S-proteins have been deduced from the corresponding cDNA sequences (1-3, 10, 20, 30) . All the full-length cDNA sequences predict a leader peptide that is not found in the mature protein. This is consistent with the observation that S-proteins are localized in the extracellular space of the transmitting tissue (2, 1 1), the matrix that pollen tubes traverse in their growth toward the ovary.
Although the functional role ofS-proteins in the self-incompatibility interactions has not been demonstrated in vivo, many lines of evidence strongly suggest their involvement in the recognition and rejection of self-pollen. These include the correlation of the temporal expression of the S-protein during flower development with the onset of self-incompatibility, the coincidence ofthe site of expression ofthe S-protein with that of pollen tube rejection in the pistil (1 1), and the inhibition of self-pollen tube growth in vitro by purified S-proteins ( 18) . However, the means by which S-proteins exert their inhibitory action is not understood.
The recent demonstration of ribonuclease activity associated with Nicotiana alata S-proteins (25) has raised the possibility that the inhibitory action of S-proteins may be exerted through their ribonucleolytic activity. This finding was prompted by the discovery of sequence similarity between three N. alata S-proteins and two fungal ribonucleases, RNase T2 from Aspergillus oryzae and RNase Rh from Rhizopus niveus. Subsequently, all the other S-proteins characterized from solanaceous species-four additional S-proteins from N. alata, three from P. inflata, three from P. hybrida, two from Solanum chacoense, and one from S. tuberosum-have also been found to share sequence similarity with the two fungal ribonucleases (10, 14, 16) . The notable residues that are conserved among the S-proteins characterized thus far and the two fungal ribonucleases include the two histidines that have been shown to be essential for catalysis by RNase T2, and the four cysteines that are involved in disulfide bonds in RNase T2.
In this paper, we report the purification of the three Sproteins of P. inflata we previously identified. We show that they are indeed ribonucleases, and present the biochemical characteristics of their ribonucleolytic activity.
One gram of styles (including stigma) of S1S2 and S2S3 genotypes were collected separately and stored at -70'C. The frozen styles were ground to a fine powder in a mortar cooled with liquid nitrogen, with further grinding in 2.0 mL of the extraction buffer (10 mm sodium phosphate [pH 6 .0], 10 mm EDTA, 1 mm PMSF, and 1% [w/v] polyvinyl pyrrolidine). The homogenate was centrifuged at 12,000g for 10 min, and the supernatant passed through a 0.45 Mm Millex-GV filter (Millipore) to remove unsedimented fine particles. Two milliliters of the homogenate was applied to a Biogel P-60 column (1.6 x 62 cm) that had been equilibrated with 50 mm sodium phosphate (pH 6.0). Proteins were eluted with the same buffer, and 0.8 mL fractions were collected.
The S-protein containing fractions were pooled and further separated by cation-exchange chromatography, using a Mono-S column and a Pharmacia FPLC system. The column was equilibrated with 50mM sodium phosphate (pH 6.0), and proteins were eluted with a linear gradient of 1 to 500 mm NaCl in the same buffer, with a flow rate of 1.5 mL/min. One milliliter fractions were collected, except for the eluting peaks with significant absorbance at 280 nm, which were collected as single fractions (1.0-3.0 mL) to prevent mixing ofadjacent protein peaks. Protein concentrations were determined by the Bradford method (6) using reagents from Bio-Rad.
Gel Electrophoresis
To identify the column fractions that contained the Sproteins, aliquots were run on 12.5% SDS-polyacrylamide slab gels with a discontinuous buffer system as described by Laemmli (22) . The gels were stained with Coomassie blue R-250 or with silver stain as described in Ausubel et at. (4) .
To "visualize" the ribonuclease activity associated with the proteins in crude extracts and with purified proteins, aliquots ofthe samples were electrophoresed on 12.5% SDS-polyacryl- 
Specific Activity of S-Proteins
To determine the specific activity of the three S-proteins, the standard reaction mixture was used except that torula yeast RNA alone was used as the substrate. The reaction was carried out for 10 min, and stopped by the addition of uranyl acetate and perchloric acid to a final concentration of 0.15 and 5.0%, respectively, and the optical density of the acid soluble hydrolysis products measured at 260 nm (9) .
Biochemical Characterization
To determine the pH dependence ofthe ribonuclease activity, a three-buffer system, MTEN buffer (50 mM Mes, 25 mM Tris, 25 mm ethanolamine, and 100 mm NaCl), was used in the standard reaction mixture instead of the sodium phosphate buffer. The reaction was allowed to proceed for 10 min. To study the effect of ionic strength, the same reaction conditions were used except that the buffer used was sodium phosphate (pH 7.0) at various concentrations (10-200 mM) .
To study the ribonuclease activity at various temperatures, the RNA substrate in the sodium phosphate buffer was first brought to the temperature being tested, and the reaction begun by the addition of 200 ng of the protein. The DEPC was used to chemically modify histidine residues, based on the methods described by Miles (26) . Twenty micrograms ofS2-protein was treated with 1.0 mM DEPC in absolute ethanol for 15 Figure 1 (lane 1). The S-proteins were identified on the basis of the criteria described in our earlier study (1) . Previously, the molecular mass of the S.-and S2-proteins was determined to be 24 and 25 kD, respectively (1). However, the mobility of the S-proteins on SDS-polyacrylamide gels was subsequently found to vary slightly in extracts from different genetic backgrounds, perhaps due to heterogeneity in glycosylation. In the present study, the molecular mass of the Si-protein was found to be 25 kD, with the Siand S2-proteins in crude extracts migrating together on SDSpolyacrylamide gels, as shown in Figure 1 (lane 1). A two-step procedure was employed to purify the three Petunia inflata S-proteins based on their known properties. Figure 1 (lane 7). The pooled fractions from each genotype were then resolved into four major peaks by cation exchange chromatography on a Mono-S column. As shown in Figure 2 , the first three peaks obtained from these two genotypes eluted at identical salt concentrations, while the fourth peak was unique to each genotype.
The first three peaks that were common to both the S1S2 and S2S3 genotypes each showed a single protein band of 27, 29, and 25 kD, respectively, on the SDS-polyacrylamide gel.
The representative fractions are shown in Figure 1 (lanes 3, 5, and 6). The fourth peak unique to each genotype showed a single protein band of 25 kD (lanes 2 and 4 of Fig. 1 ). The third and fourth peaks from both genotypes were assigned to S-proteins. Since the third peak of both genotypes eluted at the same salt concentration, this fraction very likely contained the S2-protein, the product of the allele common to both genotypes. Amino acid residues 2 to 5 of this protein fraction were determined by N-terminal sequencing to be phe-asp-tyrphe, precisely matching those ofthe S2-protein (1). The fourth peak was unique to each genotype, thus it was assigned to the Si-protein in the SIS2 genotype, and the S3-protein in the S2S3 genotype. The 27 kD protein (first peak) and the 29 kD protein (second peak) were designated Xi and X2, respectively.
Ribonuclease Activity of the Three S-Proteins
Each fraction eluted from the Mono-S column was assayed for ribonuclease activity, and the results are shown in Figure  2 , along with the elution profile. The three S-proteins and the XI and X2 proteins were found to have significant levels of ribonuclease activity. The S-proteins are hereafter referred to as S-ribonucleases, as suggested by Haring et al. ( 14) .
The ribonuclease activity of these proteins was further demonstrated by the ribonucleolytic activity staining gel shown in Figure 3 (lanes 4-8) . For each purified protein fraction, a single band of ribonuclease activity was observed.
Comparison of the mobility of each protein shown in Figure  1 with that of the ribonuclease activity in the corresponding fraction (Fig. 3) (Table I ).
In addition to the S-ribonucleases and the Xi and X2 proteins, crude stylar extracts produced a number of other bands with ribonucleolytic activity, as shown in Figure 3 (lane 3). In contrast, leaf and petal extracts contained fewer bands with ribonucleolytic activity (lanes 1 and 2 of Fig. 3 ).
Biochemical Characterization of S-Ribonucleases
The activity of the three S-ribonucleases was measured at different pHs in a number of different buffer systems. Some buffer systems, such as sodium acetate or sodium phosphate, gave anomalous results at the upper or lower ranges of their buffering capacity. This was attributed to the sensitivity of the S-ribonucleases to changes in ionic strength resulting from titration of the buffers to different pHs. (See below for the effect of salt concentration on S-ribonuclease activity.) For this reason, the MTEN three-buffer system was used; this buffer maintains a constant ionic strength over a wide range ofpHs (13) . All three S-ribonucleases had a similar pH profile, with a pH optimum of 7.0. The pH dependence of the ribonuclease activity of the S2-protein is shown in Figure 4A . The activity of the S-ribonucleases was greatly reduced by even moderate salt concentrations. As shown in Figure 4B , the activity of the S2-protein decreased with increasing concentrations of sodium phosphate. The activity at 200 mm sodium phosphate was about 20% of that at 10 mm sodium phosphate. The effect of the concentration of sodium phosphate on S.-and S3-proteins was similar. The ribonuclease activity of the S-proteins in 10 mm sodium phosphate (pH 7.0) was found to be comparable to that in MTEN buffer (pH 7.0).
All three S-ribonucleases showed a similarly broad temperature optimum from 40 to 60°C, with highest mean activity at 50°C and reduced activity at temperatures above 65°C (as shown in Fig. 4C for the S3-protein) . The activity was reduced by more than 50% if the protein was pretreated at temperatures above 70°C for 10 min before being assayed under standard conditions at 37°C. The effect of this treatment on the S3-protein is shown in Figure 4D . Figure 5 . Calcium chloride or magnesium sulfate at 1 mm had no significant effect on the activity of any of the S-proteins, although at concentrations of 10 mm or higher there was an approximately 20% reduction in the activity (data not shown). RNasin (40 units) or EDTA (10 mM) had no inhibitory effect on any ofthe S-ribonucleases (Fig. 5) .
Cleavage of Polyhomoribonucleotides by S-Ribonucleases
All three S-ribonucleases hydrolyzed poly(C) much more rapidly than the other polyhomoribonucleotides (Table II) . In 1 h of incubation with the substrates, the extent of hydrolysis of poly(U) and poly(A) by the three S-proteins differed substantially: SI only hydrolyzed poly(U); S3 hydrolyzed poly(A), and to a lesser degree poly(U); S2 did not hydrolyze either one significantly. The cleavage preference ofS2 for poly(C) became even more pronounced when the reaction was carried out over a more extended period, as shown in Figure 6 . None of the three S-ribonucleases cleaved poly(G) significantly (see "Discussion"). The X2 protein appears to be distinctive in its ribonucleolytic properties: it only cleaved poly(U) of the four polyhomoribonucleotides tested (Table II) , and interestingly, it cleaved poly(A-U) as well, while none ofthe three S-proteins cleaved this double-stranded substrate (data not shown). The efficacy of RNase T1 and RNase T2 against these substrates was also examined for comparison. RNase T1 is known to cleave specifically at the 3' bond of guanylic acid, while RNase T2 is a nonspecific ribonuclease, with a preference for the bond between the 3'-adenylic acid and the 5'-hydroxyl ofthe adjacent nucleotide (28) . Under the conditions used here (1 h of incubation with 5 units of the enzyme), RNase T, only hydrolyzed poly(G) as expected. RNase T2 hydrolyzed all the polyhomoribonucleotides tested, although it hydrolyzed poly(U) to a greater extent, contrary to its known preference for adenylic groups. The same results were observed by Uchida and Egami (28) , who attributed this discrepancy to the varying degree of susceptibility of homopolymers to hydrolysis. They suggested that poly(U) is easily digested by RNase T2 because it has no secondary structure at 37°C, while poly(A) is more resistant because it forms double-stranded helical structures in acidic medium. DISCUSSION We previously identified three S-alleles and their associated proteins from P. inflata (1) . In the study reported here, we purified the three S-proteins, showed that they, like the N. alata S-proteins, are ribonucleases, and characterized their enzymatic properties. The purification procedure involved gel filtration chromatography of crude stylar extracts of each of the SIS2 and S2S3 genotypes on a Biogel P-60 column, followed by cation-exchange chromatography on a Mono-S column. Of the four major proteins of each genotype resolved by the Mono-S column, two were unambiguously identified as Sproteins based on their mobilities on SDS-polyacrylamide gels and their correlation with the S-genotype of the source of the stylar extract. We believe all three S-proteins were purified to homogeneity because no other proteins were detected in these fractions by silver staining of the SDS-polyacrylamide gels (Fig. 1) . The amino-terminal sequence of the S-protein containing fraction which was common to both the SIS2 and S2S3 genotypes matched that ofthe S2-protein previously described by Ai et al. (1) . This further confirmed that the S-proteins were correctly identified, and provided another measure of the purity of the proteins. Analysis of each S-protein fraction by activity staining gels showed that the ribonuclease activity was associated strictly with each purified S-protein band ( Figs.   1 and 3) .
The other two proteins resolved by the Mono-S column, XI (27 kD) and X2 (29 kD) , were also found to have ribonuclease activity. Both appear to be style-specific ribonucleases, since they were not detected in leaves or petals (Fig. 3) . One of these may be the homolog of the ribonuclease fraction X identified by McClure et al. (25) through cation-exchange chromatography of N. alata stylar extracts of certain genotypes. The XI and X2 ribonucleases were found to have distinctive enzymatic properties that set them apart from each other and from the S-proteins. While the pH optima of Xl and X2 were 6.0 and 7.0, respectively (data not shown), both hydrolyzed poly(U) preferentially, in contrast to the three Sproteins which cleaved poly(C) preferentially.
The three S-proteins did not differ appreciably in their specific activities (Table I ). This is in contrast to the specific activities of various N. alata S-proteins, which may vary as much as 10-fold (25) . This may be accounted for by the higher sequence similarity among the three P. inflata S-proteins (73.1-80.1 %) than among the N. alata proteins (60.0-69.9%). The relatively high degree of sequence similarity among the three P. inflata S-proteins may also account for their similarity with respect to the enzymatic properties characterized here.
Since the ribonuclease activity of the P. inflata S-proteins was quite sensitive to ionic strength (Fig. 4B) , the use of some buffer systems was precluded in certain pH ranges. Among various buffer systems tested, we found the MTEN buffer system to be most suitable for studying the pH dependence of the ribonuclease activity, because the ionic strength of this buffer system remained constant when pH was varied. The pH and temperature optima of the P. inflata S-proteins (7.0 and 50C, respectively) were comparable to that of the S2-protein ofN. alata (25) , although the three Petunia S-proteins are only about 40.0% identical to this Nicotiana S-protein (1) .
The pH profile of the activity of S-proteins is in accord with the proposed mechanism of catalysis by ribonucleases involving the acidic and basic forms of two histidines in the active site. This is especially noteworthy in the context of the two histidines in the active site of RNase T2 being conserved among all the solanaceous S-proteins (14, 16) . DEPC, which attacks histidine residues preferentially to form carbemethoxy derivatives (15) , has been shown to inhibit a number of ribonucleases (26) . The strong inhibitory effect of DEPC on the three S-ribonucleases reported here (Fig. 5) further suggests the involvement of the two conserved histidines in catalysis.
The P. inflata S-proteins were not inhibited by EDTA or
RNasin. However, their activity was reduced by 50 to 75%
by Zn2+ or Cu2+ (1 mM) . This is similar to the response of RNase T2, which is completely inhibited by 1 mM Cu2' and 50% inhibited by 1 mM Zn2+ (27) . The N. alata S2-protein differs from the three P. inflata S-proteins and RNase T2 in that it is not affected by Zn2+ (25) .
The three P. inflata S-proteins showed a preference in the cleavage of polyhomoribonucleotides. They all hydrolyzed poly(C) most effectively, but each protein hydrolyzed poly(A) and poly(U) at different rates. The S2-protein showed the strongest preference for poly(C) over poly(A) and poly(U). It is not always possible to infer the base-cleavage specificity or preference of a ribonuclease based on its activity toward polyhomoribonucleotides, because these substrates may vary in their susceptibility to hydrolysis due to the tendency of some to form rigid secondary structures. This is especially true for poly(A) and poly(C). However, this effect is less likely to confound the results presented here, because all three Sproteins cleaved poly(C) very effectively, while one of them, S3, cleaved poly(A) as well. On the other hand, poly(U), which does not have significant secondary structure at 37°C, was hydrolyzed only weakly by S2 and S3.
Although none of the S-proteins cleaved poly(G), their effect on poly(G) remains inconclusive, because even RNAse T1, which is known to be specific for 3' bonds of guanylic acid, cleaved poly(G) rather poorly in our assay. The poor activity toward commercial poly(G) has been noted by Egami et al. (12) , who surmised that the effect was due to the presence of 2',5'phosphodiester bonds, in addition to 3',5'bonds, the former being resistant to cleavage by ribonucleases. Further studies using dinucleotides as substrates will be required to determine the ability ofthe S-proteins to cleave at G residues, and to determine the context effect ofneighboring nucleotides on the rate of cleavage at a particular residue.
Based on the finding that the self-incompatible N. alata and L. peruvianum had a higher level of ribonuclease activity in the style than the closely related self-compatible species within each genus, McClure et al. (25) suggested that the ribonuclease activity in pistils of self-incompatible species would account for their ability to inhibit self pollen tubes. However, recent studies by Clark et al. (10) showed that selfincompatible and self-compatible varieties ofPetunia hybrida had comparable levels of ribonuclease activity in the styles. Further, we recently identified two S-proteins in a line of selfcompatible P. hybrida, and showed that both S-proteins had ribonuclease activity comparable to that of the three S-proteins of the self-incompatible P. inflata characterized here (Y Ai, EJ Kron, T-h Kao, unpublished data). In addition, we have shown in the work described here that there are a number of ribonucleases other than the S-proteins in the pistils of P. inflata. We believe, therefore, that the levels of ribonuclease activity in the style cannot always be correlated with selfincompatibility or self-compatibility.
The role ofthe S-protein associated ribonuclease activity in the self-incompatibility interactions between pollen and pistil has yet to be ascertained. The presence of catalytic activity in what is presumably a very specific recognition molecule presents intriguing questions with regard to the specificity of the interaction. If the ribonuclease activity of the S-protein is responsible for growth inhibition of incompatible pollen tubes, the question arises: how does the S-protein destroy pollen tubes in an allele-specific manner? Efforts are now underway to address this issue.
